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Resumen

Con el fin de estudiar la actividad electrocatalítica que tiene un electrodo hacia la
reacción de reducción de oxígeno (RRO), diferentes composiciones de grafeno, flu-
oruro de polivinilideno y alcohol polivinÃlico fueron estudiados. Las técnicas de
voltametría cíclica y la espectroscopía de impedancia electroquímica fueron utilizadas
para determinar la composición de reactivos necesaria para obtener el mejor desempeño
en términos de corriente generada, potencial de separación de picos e impedancia, así
como también para determinar qué composito tiene la mayor actividad electrocatalítica
hacia la reacción de reducción de oxígeno. El composito con 0.4% grafeno / 0.5% PVDF
/ 0.5% PVA mostró el mejor funcionamiento en cada método, con un pico de corriente
catódico de -132.7 µA, resultado que es 2.1 veces mayor que el de la matriz polimérica
y 6.7 veces mayor que la generada por el PVA. El composito también mostró el menor
potencial de separación de picos con un valor de 0.17 V y la menor resistencia de trans-
ferencia de carga con un valor de 468.5 Ω, el cual es 4.7 veces menor al valor de la matriz
polimérica. Los resultados en cuanto a actividad catalítica mostraron la misma tenden-
cia, con el composito de 0.4% grafeno teniendo la mayor corriente generada a cada pH
(el pH toma los valores de 2, 4, 6, 8 y 10) y los valores de onset potential más positivos
de -0.15 V vs Ag/AgCl a pH = 2 y -0.24 V a pH = 10, con los menores overpotentials de
-1.04 y -0.66 V vs ENH (Electrodo Natural de Hidrógeno) respectivamente, mostrando
la mejor actividad electrocatalítica hacia la reacción de reducción de oxígeno.

Palabras Clave: Potencial de inicio, pico de corriente catódico, catalizador, RRO.





Abstract

In order to study the electrocatalytic activity towards oxygen reduction reaction
(ORR) of an electrode, different compositions of graphene, polyvinylidiene fluoride
(PVDF) and polyvinyl alcohol (PVA) were tested. Cyclic voltammetry and electro-
chemical impedance spectroscopy were used in order to determine the composition of
the reagents with the best performance in terms of current generated, potential peak
separation and impedance, as well as to determine which composite had the highest
electrocatalytic activity towards oxygen reduction reaction. The composite with 0.4
wt% graphene / 0.5 wt% PVDF / 0.5 wt% PVA showed the best performance in each
method, with a cathodic peak current of -132.7 µA, result that is 2.1 times higher than
that of the polymeric mixture and 6.7 times higher than the PVA by itself. This compos-
ite also showed the lowest potential peak separation of 0.17 V and the lowest charge
transfer resistance of 468.5 Ω, which is 4.7 times lower than that of the polymeric ma-
trix. The results for the catalytic activity demonstrate the same tendency, with the 0.4%
composite having the highest current generated at every pH (pH taking the values of
2, 4, 6, 8 and 10) and the more positive values of onset potential of -0.15 V vs Ag/AgCl
at pH = 2 and -0.24 V at pH = 10, with the lowest overpotential of -1.04 and -0.66 V
vs NHE (Normal Hydrogen Electrode) respectively, showing the best electrocatalytic
activity towards oxygen reduction reaction.

Keywords: Onset potential, cathodic peak current, catalyst, ORR.
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1. Chapter 1

1.1. Introduction

The exponential and alarming growth of population during the past decades and the

possibility of reaching over nine billion people by 2050, have created a sense of aware-

ness and concern, leading to an immense field of research opportunities with the inves-

tigation of new sources of energy and storage in order to enhance environment control

and solve the imminent overpopulation problem 1.

Solar cells, supercapacitors, batteries, sensors or electrochemical energy storage de-

vices, are some of the most studied possible energy solutions, where electrodes are an

essential part of their overall work mechanism. An electrochemical system in which

the chemical energy is directly converted to electricity comes as a plausible solution for

the global energy demand, and the utilization of common and sustainable materials is

the goal to be achieved. In this line, systems such as microbial fuel cells or metal-air

batteries, which uses bacteria or transition metals, and oxygen, are quite handy and

optimistic.

Oxygen reduction reaction (ORR) is one of the most important mechanisms in en-

ergy conversion systems used in different fuel cells. It requires the presence of oxygen

by an external flux or by direct contact, and a material that possesses a high catalytic

activity for ORR to be kinetically favorable. In fuel cells, an anodic reaction releases

protons and electrons that travel, in the case of protons through a membrane or the

electrolyte, and in the case of electrons through an external circuit, to the cathode. The

cathode is the part of the cell that is in direct contact with oxygen, so by accepting

the electrons and protons, a reduction of the oxygen occurs 2,3, yet it is a kinetically

hindered process, with high overpotentials 4.

1



1. Chapter 1

Platinum is the most common material used as an electrode for ORR, chosen by

its ability to increase the velocity of the reaction produced with oxygen, in an efficient

manner. Platinum, however, has certain disadvantages like its high cost, the possibility

of intoxication with CO2 and other gases, or the possible biofouling problems 2,5.

This is the reason why efforts to find affordable materials that conserve or even im-

prove the results of platinum for ORR are made. Some more common metals such

as copper, cobalt or iron, have been investigated to replace the high-cost electrodes

mentioned before, obtaining results in currents, durability, and tolerance comparable

to and, for some of them, better than those of platinum 6 - 8. As other possible replace-

ments with metal-free nanoscale carbon electrocatalysts have become a viable option

as they have high electrical conductivity, higher surface area, high mechanical strength,

durability, and stability in both acidic and basic environments, as well as excellent elec-

trochemical resistance.

The commercial Pt/C catalyst is the common reference because of its great perfor-

mance towards ORR with a limiting current density of around 6 mA cm-2 at 1600 rpm.

New studied catalysts such as phosphorous doped hierarchical porous carbon show a

shift of around 70 mV for the onset potential compared with the Pt/C electrode 9. Car-

bon fiber paper with Pt3Co showing a limiting current density of 25.8 mA cm-2 at 2500

rpm 10 and Mn3O4 oxidized graphene flakes nanocomposites gave a limiting current

density of 2.8 mA cm-2 at 1600 rpm 11, have also been studied.

Graphene is an interesting material, as it has the possibility of becoming a promising

alternative to platinum electrodes. Its high surface area, electronic conductivity, elec-

trochemical stability, or the possibility of taking advantage of both sides of its planar

structure 12 come in as facilities to be catalytically favorable for ORR. For the correct

performance of it as electrode, graphene must be used in a matrix, in this case, a poly-

meric one, which allows conductivity but does not react.

This work will contribute to understanding the relationship between the chemical

2



1.2. Objectives

makeup of a nanocarbon modified electrode and its catalytic activity towards ORR.

For this purpose, composite electrodes based on graphene will be prepared and char-

acterized through Raman spectroscopy and electrochemical methods, such as cyclic

voltammetry and electrochemical impedance spectroscopy.

1.2. Objectives

1.2.1. General

Development of graphene-based electrodes acting as a catalyst to achieve high electro-

catalytic activity towards oxygen reduction reaction.

1.2.2. Specifics

• Modification of the surface of a glassy carbon electrode with different graphene-

polymer composites.

• Characterization of the composite electrodes by Raman Spectroscopy.

• Characterization of composite electrodes by Cyclic Voltammetry and Electro-

chemical Impedance Spectroscopy.

• Evaluation of the electrocatalytic activity of the electrodes under different condi-

tions.

3



2. Theoretical Background

2.1. Oxygen Reduction Reaction

The oxygen reduction reaction is a very essential mechanism as it is the pathway used

by organisms for respiration. Working similarly, ORR is also highly investigated by

its use in energy converting systems like fuel cells or metal-air batteries. Most of these

different systems work with a cathode in which an ORR is performed. It can happen by

introducing the cathode into a solution and enabling O2 to diffuse to it, or by placing

the cathode in direct contact with air.

However, this process still faces great challenges such as a slow reaction rate due to

poor kinetics of ORR, the high overpotential of oxygen reduction on the surface of the

cathode at neutral pH, or the reduced contact between oxygen and the cathode material

itself 13. Several different approaches have been proposed to improve the performance

of the cathode: attempts to lower the reaction overpotential with the use of mediators,

electrode modification with catalysts, and optimizing operational conditions within

the cathodic compartment have been mentioned in the literature 2.

Normally, the ORR mechanism in aqueous media proceeds either by a four-electron

or by a two-electron transfer process, mostly depending on the type of catalyst used,

14 while the latter is important in hydrogen peroxide production, shown by reaction

[2], the four-electron transfer (shown in reactions [1] and [4]) is preferable for fuel

cells. Moreover, the four-electron ORR process is observed to be more dominant if

noble-metal based electrocatalysts are used, whereas carbon nanomaterials-based elec-

trocatalysts, transition metal oxides, and hybrid nanomaterials may facilitate the ORR

mechanism via two-electron transfer or via a combination of both 15.

4



2.1. Oxygen Reduction Reaction

It has been studied that the pH of the medium strongly affects the catalytic pathways4,

with different types of chemical reactions associated with each. In the four-electron

ORR process (shown in reactions [1] and [4]), oxygen directly reduces to water, while

in the two-electron ORR process shown in reactions [2] and [5], oxygen reduces to an

intermediate that can be reduced later as shown in reactions [3] and [6]. Both acidic

and basic reaction mediums are listed below 16.

Acidic aqueous solution:

O2 +4H++4e− −−→ 2H2O [1]

O2 +2H++2e− −−→ H2O2 [2]

H2O2 +2H++2e− −−→ 2H2O [3]

For reactions [1] to [3], the thermodynamic electrode potentials at standard condi-

tions are 1.23 V, 0.70 V, and 1.76 V vs. NHE, respectively.

In an alkaline aqueous solution, the corresponding reactions become:

O2 +2H2O+4e− −−→ 4OH− [4]

O2 +H2O+2e− −−→ HO −
2 +OH− [5]

HO −
2 +H2O+2e− −−→ 3OH− [6]

5



2. Theoretical Background

And for reactions [4] to [6], the thermodynamic electrode potentials at standard con-

ditions are of 0.401 V, -0.065 V, and 0.867 V vs. NHE, respectively.

There are some catalysts which are incapable of reducing the H2O2 to H2O at suf-

ficient rates, so the reduction process will end after the first two electron reduction

steps, finishing in reaction [2]. In this case, the 2-electron pathway produces H2O2 as

an intermediate or the end product of the oxygen reduction, causing degradation of

the cathode catalysts and leading to a high overpotential 2.

The material with the best known electrocatalytic performance for ORR is platinum,

presenting a high activity and durability in acidic media, even though the reduction

of the oxygen rate is from over five orders of magnitude slower than that occurring

in the anode for hydrogen oxidation in the case of proton exchange membrane (PEM)

fuel cells 12. This example shows the sluggish kinetics of the reaction and the necessity

of improving the catalytic activity of the material used as catalyst. For this reason,

different cathode electrocatalysts have been investigated, in the line of precious metal

catalysts, especially Pt-based catalysts 17, or more common and affordable materials

containing transition metals or nanocarbons.

2.1.1. Kinetics of Oxygen Reduction Reaction

In terms of kinetics, the potential of the ORR should be as close as possible to the

thermodynamic electrode potential. If this is not the case, as for ORR, the overpotential

of the mechanism is high. Overpotential (η) is defined as the resultant potential (E)

minus the equilibrium potential (Eeq), 18 as shown in Reaction 2.1, the higher this value,

the slowest the kinetics of the reaction.

η = E−Eeq (2.1)

This obtained overpotential is a sum of different contributions as shown in equation

6



2.1. Oxygen Reduction Reaction

2.2, where ηa is the activation overpotential, ηc the concentration overpotential, and iR

the ohmic drop, which entails contributions from charge transfer, mass transport and

electrolytic resistivity from the overall electrochemical setup of the process.

η = ηa +ηc + iR (2.2)

The relation between the overpotential and the current is given by the Butler-Volmer

equation (2.3) where j is the ORR current density, j0 is the exchange current density, n

is the number of electrons transferred in the rate-determining step, α is the transfer

coefficient, η the overpotential defined in equation 2.1, F the Faraday constant, R the

gas constant and T the temperature in Kelvin.

j(η) = j0

(
e

αnFη

RT − e
(1−α)nFη

RT

)
(2.3)

To generate high current densities, when a low overpotential occurs, the exchange

current density should be large or RT/αnF small 16. ORR often occurs at high overpo-

tentials, so the Butler-Volmer equation becomes the Tafel equation that will be further

discussed in Section 2.2.1.

The relation between the onset potential and the pH can be explained by the Nernst

equation for a redox reaction (Eq. 2.4), where Q is the reaction quotient, if the reaction

includes as a reagent or as a product [H+] or [OH-]. In the case of the ORR, depending

on the media, the standard potential of the cell and the value of the relation in their

activities (a(red)/a(ox)) changes (see equation 2.5).

E = E◦− RT
nF

ln(Q) (2.4)

E = E◦− RT
nF

ln
(

a(red)
a(ox)

)
(2.5)
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The electrochemical potential as a function of pH will be further discussed in chapter

4.3.

2.1.2. Catalysts

In order to improve the kinetics of ORR, several efforts have been made, especially re-

garding the material of the catalyst. Even though platinum has shown the best results

as a catalyst, it has also shown certain disadvantages such as the possibility of intoxi-

cation with other gases, its scarcity problems, which lead to high costs, among others

19.

For a catalyst to be good, it must have a good electrocatalytic activity towards ORR,

an adequate surface, and great interaction and binding affinity with oxygen. In this

way, it should have a high number of intrinsic active sites for oxygen to adsorb 16.

As studied by Wu, Yang & Yan 9, a useful catalyst should have a large surface area,

disperse active sites, and places in which solid, liquid, and gas can easily perform

mass transfer during ORR.

According to N∅rskov et al., the adsorption energy needed for the intermediates

of the reaction to adsorb in the surface of platinum catalyst, to have a good catalytic

activity towards ORR, has a value of 0.1 eV. Pt electrode shows a slightly higher value,

and it is the cause of the high overpotential the reaction presents, and hence the slug

kinetics 20. In the next section, a small review of some of the possible materials used as

catalysts for ORR and their exceptional characteristics are stated.

Platinum and noble metal catalysts

As stated before, platinum is the chosen material for ORR due to its high stability and

electrochemical activity, that is why the most used and commercialized catalyst for

ORR is Pt nanoparticles supported by high-surface-area carbon. Yet, its disadvantages

8



2.1. Oxygen Reduction Reaction

mainly in cost, make it not sustainable for energy converting systems. Different options

to use less raw material involves changes in morphology and size, such as shell core

platinum electrodes, or platinum alloy electrodes.

For shell core platinum, the basis is to form several atom layers of Pt surrounding a

nanoparticle of cheaper metalcore. The metals could be from Pd, Ru or Re, and there

are different techniques for the shell formation, such as electrochemical dealloying,

annealing, acid leaching, among others 21. For them, ORR activity can be enhanced

with an appropriated platinum thickness and proper geometry and electronic effects

from the subsurface of nanoparticles 22. Yet, the disadvantages come as its stability can

be altered by a non-ideal quantity of Pt present in the shell.

Platinum alloys allow to reduce the platinum quantity necessary for the electrode

and can make ORR reach a higher catalytic activity by changing the bond strength

of oxygen and oxygen intermediates with the catalyst itself, because of the additional

compound. Some of the compounds used as alloys are Pt3Ni(111) and PtxGd NPs,

which exhibit higher activity than the known Pt/C electrode 23. Yet, these alloys can

be thermodynamically unstable as they tend to dealloy (dissolve in the electrolyte) and

cause degradation.

Non-precious metal catalysts

Pointing to their cost and toxicity, high chemical stability, and catalytic capacity, tran-

sition metal oxides have been investigated for possible use as catalysts for energy con-

verting devices, giving the main focus to manganese dioxide (MnO2).

Studies have shown that the manner in which MnO2 is synthesized, its crystal struc-

ture, particle size, and the support material determines its catalytic activity with β -

MnO2 as the most effective catalyst with a maximum power density of 3773 ± 347

mW/m3 but with low electrical conductivity results and poor dispersion 24. As a

method to improve it, this oxide can be incorporated into electron-conductive mate-
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2. Theoretical Background

rials like nanocarbon.

Wen et al. 25 proved that the nano-structured MnO2/Graphene Nano Sheets (GNS)

composite exhibited an excellent catalytic activity for ORR due to MnO2 nanoparticles

closely anchored on the excellent conductive graphene nanosheets. Co oxides possess

a high electrocatalytic activity, which make them a plausible option as catalysts. Co3O4

has the advantage of presenting a crystal structure in which Co2+ and Co3+ coexist,

providing different types of active sites for ORR 16.

Nano-carbon based catalysts

Functional carbon-based nanomaterials (CBNs) have become important due to their

unique combinations of chemical and physical properties (i.e., thermal and electrical

conductivity, high mechanical strength, and optical properties) 26.

Carbon nanotubes

Carbon nanotubes (CNTs) have become the most widely used CBNs. They are com-

monly synthesized by arc discharge or chemical vapor deposition of graphite, with a

cylindrical structure, and a wide range of electrical and optical properties based on

their extended sp2 carbon and their physical properties (e.g., diameter, length, single-

walled vs. multi-walled, surface functionalization, and chirality) 27.

Because of its properties, CNTs have been explored for use in many industrial appli-

cations. For example, CNTs are well known for their super mechanical strength: their

measured rigidity and flexibility are greater than that of some commercially available

high-strength materials as high tensile steel or carbon fibers 28. One of the problems

associated with CNTs is their poor interaction with the surroundings matrixes, which

results in poor and inefficient load transfer 28.

Researches have been addressed to incorporate CNTs into other materials to utilize

their multi-functional nature. Properties such as its low threshold electric fields, their

nanoscale dimension facilities, or its strong luminescence from field emission are used
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for high-efficiency electron emission devices such as electron microscopes, flat display

panels, and gas-discharge tubes or for lighting devices, supercapacitors or batteries 29.

Activated carbon

Activated carbon (AC), popularly known as activated charcoal or activated coal, is

a common material used for different applications in industry. The fine structure pos-

sessed by AC increased the surface area (>1000 m2 g-1) of pores that result in possession

of powerful adsorptive properties. Carbon is available in three main forms; these are;

powder, granular, and pellet. Nonetheless, the most frequently used are granular and

powdered AC. There are other forms of AC, such as fibers, which are mainly obtained

from petroleum pitch and isotropic coal, felts, and clothes. The AC is found to be useful

in removing many contaminants from both potable water and wastewater as a result

of its high surface area 30.

Graphene

The discovery of graphene by Andre Geim and Konstantin Novoselov in 2004 has

motivated the scientific community to explore the potential applications of this ma-

terial extensively 31. Graphene is commonly referred to as a two dimensional (2D)

sheetlike material with sp2 hybridized carbon atoms configured in a hexagonal struc-

ture with a thickness corresponding to an atom diameter 32. It is made up of pure

carbon, and each carbon atom is covalently bonded together in the same plane, and

graphene monolayer sheets forming by linked by van der Waals forces.

Along with its derivatives, particularly graphene oxide (GO) and reduced graphene

oxide (rGO), graphene materials have been studied in various fields because of the

presence of an aromatic ring, free π-π electron, and reactive functional groups 33. It has

outstanding physical, chemical, and electrochemical properties; it can sustain current

densities six orders of magnitude higher than that of copper 34, which is an efficient

electrode material for creating new sensing assays due to its large conductivity, fast

heterogeneous electron transfer, and large surface area 35. Graphene-modified elec-
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trodes prepared by different methods have been used for the successful determination

of various biomolecules with high sensitivity and selectivity in the past few years 2.

It can be stacked to form 3-D graphite, rolled to form 1-D nanotubes, and wrapped to

form 0-D fullerenes. Long-range π conjugation in graphene results in its extraordinary

thermal, mechanical, and electrical properties. Graphene is impermeable to gas and

liquids, has excellent thermal conductivity and higher current density in comparison

to other most effective materials 36.

So far, graphene-based materials have been extensively investigated and envisaged

as potential electrode materials for lithium-ion batteries, supercapacitors, biosensors,

photovoltaic cells, and catalysis due to its attractive properties, including high surface

area (theoretical value 2630 m2 g-1), high conductivity, and easy synthesis process 37.

Recent studies show the maximum power density of the microbial fuel cells has been

significantly improved by using graphene as the catalyst support due to the better dis-

persion of the metal catalysts on the graphene surface. In addition to being an excellent

catalyst support, the potential of using graphene-based cathode/anode electrode has

also been demonstrated in some studies 25.

2.1.3. Applications

As stated before, ORR is primordial for energy converting systems such as the different

types of fuel cells and metal-air batteries. The cathode in an electrochemical system is

the electrode where a reduction reaction is going to occur, and in the cases mentioned

above, oxygen is the molecule to be reduced. There are different types of fuel cells like

microbial fuel cells (MFCs), proton exchange membrane fuel cells, polymer electrolyte

fuel cells, hydrogen fuel cells, among others. In this section, a brief review of MFCs

and metal-air batteries will be explained.
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Microbial fuel cells

MFCs are devices in which viable microorganisms act as catalysts using organic fuel

sources to generate electric energy 19. The overall setup of a microbial fuel cell consists

of an anodic part where bacteria and the different substrates coexist in an anaerobic en-

vironment leading to an oxidation reaction and a cathodic section where the electrons

and protons released from the anode, react with an electron acceptor compound which

is reduced. Figure 2.1 shows a simple schematic of the common setup of an MFC.

Figure 2.1.: Schematic operating principle of an MFC.

At the cathode, an electron acceptor compound closes the circuit by reducing oxygen

to water; this part of the cell is aerobic and can be whether an open system in direct

contact with air or an oxygen supplied (by an external source) system. For the efficient

and correct functioning of MFCs, it is necessary to understand the effects materials of

the electrodes have on the overall performance. In the anode, primordial requests are a

good conductivity, biocompatibility, and high surface area, characteristics that certain

carbon materials like carbon black, graphite, carbon paper, carbon cloth could easily

provide 38. Cathodes, on the other hand, should have a great catalytic activity towards

ORR.

The material from which the cathode is composed is directly proportional to the
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efficiency of the cell and hence to the final currents generated. In the same manner, the

contact area of the electrode has to be the highest possible, as output power is directly

relevant to the amount of oxygen in solution 38.

Metal-air batteries

In order to improve the performance of lithium-ion batteries in terms of energy and

power density, new forms of batteries have been largely studied. In this manner, metal-

ion batteries have come as a possible competitor as they are cataloged as high-energy

batteries. Figure 2.2 shows the general functioning of this type of cell.

Figure 2.2.: Schematic operating principle of a metal-air battery.

The battery consists of metal oxidation at the anode, an electrolyte, and a cathode

which is in direct contact with air to produce an oxygen reduction reaction. As the

metal gets oxidized, metal ions are formed and electrons released, traveling through

the electrolyte until it reaches the cathode where it reacts with the oxygen reducing it,

with the overall process resulting in a high energy density of the device 39. Different

types of metals have been used as cathode naming Li, Na, Al, Mg, Fe, Zn, Fe or Sn

from which lithium is the most studied one, showing a large energy density of around

3456 Wh Kg-1, higher than that for lithium-ion batteries of 100–200 Wh Kg-1 40.
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The different type of material used in both electrodes is crucial to determine the

final performance of the battery 41. For the cathodic reaction, not only ORR occurs but

oxygen evolution reaction (OER) too, so a material which improves the kinetics of ORR

can help to reduce the resistance of mass transport during the overall process and have

a specific pore size to prevent the interaction of by-products is needed 42.

2.2. Spectroscopic Characterization Techniques

2.2.1. Raman Spectroscopy

Raman spectroscopy is based on the interaction of the light with a sample, yet it is not

the absorbed nor the reflected wavelengths that come to matter, but the few scattered

radiations which do not have the same wavelength as the others; this phenomenon is

known as Raman effect.

Scattered light can be whether Rayleigh or Raman, where in the first one, the elas-

tically scattered photons possess the same energy, wavelength (λ ), and frequency (ν)

of the incident photons. Raman scattering on the other side, constitutes the part of

the light (1 out of 107 photons 43) which is scattered at different frequencies (most of

the times at lower frequencies), oscillating between a specific vibrational frequency

of the molecule times from and to the Rayleigh scattering (see Fig. 2.3). These lines

of frequencies are the Stokes and anti-Stokes lines in a spectrum. Raman spectroscopy

shows then, the obtained vibrational frequency, which changes from the incident beam

frequency 44.

This phenomenon can be associated with a change in the electronic, vibrational, or

rotational energy, yet the vibrational effect is the most studied one. The difference be-

tween the energy of the incident photon with the scattered photons mentioned before

led to the energy of the vibration of the scattered molecule 43. The common spectrum
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Figure 2.3.: Representation of the Stokes, Anti-Stokes, and Rayleigh scattering in Raman spectroscopy,
where ν i is the Rayleigh scattering frequency and νs is the Raman scattering frequency.

shows the intensity of the scattered light vs. the energy difference).

Among the most common applications of Raman spectroscopy are reaction and envi-

ronmental monitoring, material chemistry, chromatographic detection, and it has been

widely used in the identification of nanomaterials. Its ability to show specific chemical

identification and the possibility to use it along with other analytical techniques, assert

Raman spectroscopy as a useful technique 43. In Fig. 2.4 a representation of the Raman

spectrum from graphene powder is presented 44.

Figure 2.4.: Representation of a Raman spectrum corresponding to graphene powder, with its represen-
tative D, G, and 2D bands that will be further studied in section 4.1.
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2.3. Electrochemical Characterization Techniques

2.3. Electrochemical Characterization Techniques

2.3.1. Cyclic Voltammetry

Cyclic voltammetry (CV) is a very common electrochemical technique used to inves-

tigate the redox processes species can undergo if an external potential is applied and

varied with time (see Figure 2.5 b), obtaining the system’s response (current) 45. It can

be chosen to study an electrochemical system under different conditions, catalysis elec-

tron transfer reactions, intermediates in redox reactions, diffusion coefficients, formal

reduction potentials, the reversibility capacity of a system, and concentrations of un-

known solutions 46. Information is presented in a current/current density vs. potential

plot similar to a normal spectrum (Figure 2.5 a), giving information of the current at

the working electrode as a function of a potential scan 46.

Figure 2.5.: a) Cyclic voltammogram of an electrochemically active, reversible species. b) Potential as a
function of time for a cyclic voltammogram, with initial, switching, and end potentials.

It must be comprehended that this technique is set to a more qualitative first ap-

proach to experiments. If quantitative results are required, step or pulse techniques

are the most plausible solutions 46. The specialty of CV is its capacity to generate
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species during one scan and then probe them with subsequent scans 46. An electro-

chemical cell with a three-electrode configuration is used, where an external potential

is applied on the working electrode and referenced against a reference electrode. A

counter electrode serves as a current collector to complete the electric circuit of the cell.

The cyclic voltammetry peak height, ip, is directly proportional to the analyte con-

centration, C, as described by the simplified Randles–Sevcik equation (equation 2.6), if

the temperature is assumed to be 25 ◦C:

ip = kn3/2ACFC
√

νD (2.6)

In this equation, k is a constant of 2.69 x 105 C mol -1 V -1/2, n is the number of

electrons appearing in the half-reaction for the redox couple, A is the electrode area

(cm2), D is the analyte diffusion coefficient (cm2 s-1), and ν is the rate at which the

potential is swept (V s-1).

For quasi reversible and irreversible systems, the electron diffusion coefficients can

be obtained from cyclic voltammograms by using a modified Randles–Sevcik equation

47 (equation 2.7):

ipa = 0.4961nFAC∗o

√
αnFνDE

RT
(2.7)

Where ipa denotes the anodic peak current, n denotes the number of electrons appear-

ing in the redox reaction, A the surface area of the electrode, Co
* the bulk concentration

of the redox-active molecules, α the transfer coefficient of the electrochemical reaction

and ν the rate at which the potential is swept.

From CVs, different kinds of information can be obtained. The onset potential allows

to evaluate the minimum potential needed to start the reaction; it is normally measured

first even though an exact value is difficult to obtain because the currents are very low

at that point 48. The half-wave potential is determined by the activity of the catalyst
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and, pointing to the reduction of oxygen, for the efficiency of oxygen diffusion at its

surface, being the point in which the reaction is controlled by both parts, showing the

efficiency of the catalyst 48.

The limiting current density depends on the speed in which oxygen diffuses to the

surface of the catalyst, being influenced by the porosity and the surface of it. For good

ORR catalysts, limiting current density is around 5–6 mA cm-2 49. The exchange current

density (j0) is the current at zero overpotential (as in equation 2.3), is like a background

current that determines the speed of an electrochemical reaction and reflects the ana-

lyte/electrode interaction in terms of rates of electron transfer.

To understand the kinetics and mechanism of the reaction, a Tafel analysis is com-

monly used. This is important because a comparison can be made between different

catalysts. The Tafel slope is related to the rate-determining step calculating the current

response to the given voltage 50 by using Equation (2.8).

η = b · log
(

j
j0

)
(2.8)

where η is the overpotential, b the Tafel slope, j the current density, and j0 the ex-

change current density. Good catalysts possess small Tafel slope and large current

density values.

2.3.2. Electrochemical Impedance Spectroscopy

According to Ohm’s law, a resistor is defined as an entity whose value does not change

as a function of frequency, and its signals (from current and voltage through it) are

in phase. For non-ideal systems in which the previously described is not useful, the

relationship between potential and current is called impedance 51.

Electrochemical impedance spectroscopy (EIS) is a technique based in the applica-

tion of an alternating potential to a sample which responds with a resultant current
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51. Impedance (Z)is expressed in terms of a magnitude (t) and a phase shift (ω) 52 at a

particular frequency ω , as shown in Equation (2.9).

Z(ωt) =
|E(ωt)|
|i(ωt)|

(2.9)

The two most common forms of impedance data presentation are Nyquist plots and

Bode plots. The first one shows the imaginary part of the impedance versus the real

part 53 and, the latter, the Bode plot, represents the absolute value of the impedance

or the phase shift vs. the frequency (f), complementing the information given by the

Nyquist plots (see Figure 2.6) 51.

Figure 2.6.: Exemplary a) Nyquist and b) Bode plot obtained from electrochemical measurements. Rs is
the solution resistance, RCT is the charge transfer resistance and W is the Warburg resistance.

Some of the applications of EIS are to probe several electrochemical processes occur-

ring on par (as it allows multiple frequency measurements 51), diffusion-limited reac-

tions, electron transfer rate of reaction, detection of corrosion, biosensors, or batteries

studies in ion mobility and concentrations, or supercapacitors 51.

In order to understand EIS results, an equivalent circuit must be matched to the data,

often subjected to the interpretation of each system. In equivalent circuits, the most

commonly used elements are resistors and capacitors, which depend on the associated

electrochemical cell. In this work, elements such as solution resistance, charge transfer
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resistance, double layer capacitor, constant phase element, and Warburg resistance are

used, being represented in the data as the Nyquist plot shown in Figure 2.6 a). In Table

2.1 the most common circuit elements are listed.

Table 2.1.: Most common circuit elements used in equivalent circuits and its impedance significance.

Element Unit Impedance

Resistor Ω Z = R

Capacitor F 1/(j ω c)

Warburg resistance Ω Y0(jwn)

Constant phase element F σ /ω1/2 - jσ /ω1/2

Rs is the resistance between the working electrode and the reference electrode that

is commonly associated with the electrolyte. CDL represents the double layer formed

at the interface between the electrode and the electrolyte solution. The charges from

the electrode and the ions in solution are separated in the Helmholtz-layer, acting as a

capacitor. Charge transfer resistances are originated from the electronic and ionic re-

sistance at the electrode-electrolyte interface, and the Warburg resistance (W) is related

to the resistance of ionic diffusion in the electrolyte.

EIS is an important technique as it is used to find the values of electron transfer re-

sistance (RCT) which helps with the understanding of the diffusion process, and in the

rate-determining step of the ORR, the concentration of diffusion species, the polariza-

tion resistances, the stability of the electrode, overpotentials, the Warburg, and Nernst

diffusion coefficient 54,55.
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3.1. Preparation of Composites

3.1.1. Reagents and Solutions

Polyvinylidiene fluoride (PVDF) pellets with molecular weight∼ 275 g mol-1, Polyvinyl

alcohol (PVA) with an average molecular weight of 26,300-30,000 g mol-1, Dimethyl

sulfoxide (DMSO) (purity 99.9%) and N,N-Dimethylacetamide (DMA) (purity 99%)

were purchased from Sigma-Aldrich and used as received.

Few-layer graphene platelets with lateral sizes between 0.5-1 µm were purchased

from Elicarb from Thomas Swan & Co. Ltd.

Phosphate buffer solution

Phosphate buffer solutions (PBS) were prepared by dissolving in distilled water dif-

ferent quantities of KH2PO4 and Na2HPO4 (reagent grade ≥ 99.0%) and then control-

ling with a pH-meter to achieve pH with values of 2, 4, 6, 7, 8, and 10. Solutions of

H3PO4 and 0.1 M NaOH were used to adequate the pH.

Potassium ferricyanide solution

5 mM of K3Fe(CN)6 solution was prepared by dissolving 0.4116 g of potassium fer-

ricyanide in a PBS solution pH 7 until a 250 mL volume.

3.1.2. Experimental Procedure

Combinations of the polymers PVDF and PVA were prepared first for analysis. De-

pending on the concentration required, different amount of PVDF (0.5, 1.0, and 1.7

wt%) and PVA (0.5 and 1.5 wt%) were weighted and dissolved in DMSO and DMA.
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The mixtures were put in the ultrasound and left for 5 hours at 35 ◦C. The proportion

of DMSO and DMA was 50/50 by weight without the polymers.

Different quantities of graphene (0.1, 0.2, and 0.4 wt%) were added depending on the

required concentration and using the polymers matrix from above. After the addition

of graphene, the composites were left in the ultrasound from 30 to 60 minutes at 35 ◦C.

3.2. Electrochemical Cell Design & Electrode Modification

The electrochemical setup consisted of a three-electrode system where a glassy car-

bon electrode was modified with different graphene/polymer composites as the work-

ing electrode, a 3.0 M Ag/AgCl electrode as the reference, and a platinum electrode

as the counter electrode. The equipment used for all measurements was an Auto-

lab PGSTAT128N, Metrohm, Netherlands low current, and noise with a fast poten-

tiostat/galvanostat able to measure a maximum of 800 mA equipped with FRA32M

impedance spectroscopy module. Experiments were run in Nova 2.1 Software. The

cell design is shown in Figure 3.1.

Figure 3.1.: Electrochemical cell used for all non-spectroscopic measurements.

Glassy carbon working electrode
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The unmodified working electrode (WE) was a Glassy Carbon (GC) electrode with a

3 mm electrode diameter and Kel-F as supporting material (model CHI104, CH Instru-

ments, USA).

Silver-silver chloride reference electrode

The electrode was a commercial Ag/AgCl reference electrode (RE) with an elec-

trolyte concentration of 3 M KCl (6.0733.100, Metrohm, Netherlands). The working

range of the electrode is 0 ◦C to 80 ◦C.

Platinum counter electrode

A platinum rod 2 mm diameter was applied as the counter electrode (CE) (0092,

Metrohm, Netherlands).

Electrode polishing

As measurements depend on the quality of the sample, the electrode should be neat,

meaning all the noise should be removed. In this way, by polishing the electrode, the

surface is defined and becomes reactive. This process can be performed by two means,

mechanical polishing and chemical polishing.

Water-alumina slurry is used for the mechanical polishing for 3 minutes and then

rinsing water to remove the alumina. Chemical polishing consists of a series of CV in

a 1 M H2SO4 solution from an upper vertex potential of -1.5 to 1.5 V with a scan rate of

50 mV s-1 for 10 cycles in order to remove any residues from the electrode surface.

Electrode modification

After the polishing and water rinsing, 7.5 µL of the chosen graphene/polymer com-

posite were uniformly dispersed on the electrode by drop-casting and then left to dry

at 40 ◦C for 1 hour. Finally, the electrode was allowed to cool to room temperature. The

procedure is shown in Figure 3.2.
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Figure 3.2.: Process to obtain a modified electrode in order to perform electrochemical measurements.

3.3. Electrochemical Characterization

3.3.1. Cyclic Voltammetry

CV was first used to obtain the thin layer optimization. Several composites were tested

in order to obtain the best outcomes in terms of more current generated and low peak

potential separation, as well as the relation between the cathodic and anodic peak cur-

rent vs the amount of graphene in the composite. Approximately 20 mL of a ferri-

cyanide solution in PBS at pH 7, which was for 5 minutes under a nitrogen atmosphere,

was used.

CV technique was also used to obtain information about the current generated in

the ORR and its dependence with the amount of graphene, the interaction of the cat-

alyst with the electrolyte or the catalytic activity of the catalysts, values of the onset

potentials and its dependence with the amount of graphene and the variation of pH,

and overpotentials. In this case, approximately 20 mL of a phosphate buffer solution

with values of pH of 2, 4, 6, 8, and 10 was used. The solution was purged with air for 5
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minutes for each measurement.

3.3.2. Electrochemical Impedance Spectroscopy

A 5mM ferricyanide solution in PBS (around 20 mL) purged with nitrogen for 5 min-

utes to remove dissolved oxygen was used. Measurements were performed from 0.01

to 10,000 Hz. If necessary, a high-frequency shunt was used to remove artifacts. All

EIS measurements were performed using a Faraday cage to reduce noise 56, as shown

in Fig 3.3.

Figure 3.3.: a) Electrochemical cell and electrodes used for EIS measurements. b) Overall setup using a
prototype of a Faraday cage for EIS measurements.

EIS was performed to analyze the correlation between the amount of graphene in

the composite and changes in the charge transfer resistance RCT, which indicates elec-

trocatalytic activity.
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4.1. Spectroscopic Characterization

Spectroscopic characterization was conducted by Raman spectroscopy in order to de-

termine the composition of the composites. Graphene has been extensively studied

since its discovery as it is a carbon allotrope with different possible applications, and

the Raman spectrum of the composite is widely known.

The composites of interest were formed by a polymeric matrix of PVDF and PVA

and then an addition of graphene. Fig. 4.1 b) shows the PVDF spectrum in a 500-2000

cm-1 range. It shows a peak around 800 cm-1, which can be used to reveal that PVDF

is in alpha phase 57. Studies show that the α-PVDF activation peak is at 794 cm-1 58,

and it is formed by (CH2-CF2)n chains in a monoclinic crystalline system; and it can

be differentiated from the beta phase, because of the absence of its characteristic peak

shift towards 840 cm-1. The peak found at 1433 cm-1 corresponds to the CH stretching

vibrational mode 59.

PVA Raman spectrum has typically vibrational modes attributed to the CH2−CHOH−

moiety with peaks at 1432 cm-1 for a CH2 bending, 1362 cm-1 for CH2 wagging and

rocking modes, 1096 cm-1 for the vibrational CO band, 922 cm-1 skeletal C-C vibration

and an attributed CH and OH vibrational mode at 1440 cm-1 60. Fig. 4.1 a) shows the

PVA spectrum in a 500-2000 cm-1 range, where the 1096, the 1440, and the 922 cm-1

peaks are found, and the main 880 cm-1 peak is associated with the stretching of C-

COO.

The graphene powder (in Figure 4.1 c)) shows the so-called defect or D-band around

1350 cm-1, which is inactive because of a zone boundary mode and can be activated
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4. Results and Discussion

Figure 4.1.: Typical Raman spectra excited with an Nd: YAG laser (λ = 532 nm) of a) PVA and b) PVDF
polymers precursors, c) few layers graphene nanoplatelets powder and d) Gr/PVDF/PVA
nanocomposites consisting of 0.5 wt% PVDF/PVA and 0.2 wt% Graphene. D, G, and 2D
bands and the relevant bands of PVA (stars) and PVDF (closed circles) are marked.

by a double-resonance phenomenon. Another band is the strong G-band around 1580

cm-1, corresponding to carbon-carbon in-plane stretching in graphitic materials. And

also, a vibrational band at 2700 cm-1 characteristic for graphene compounds, known

as a second-order vibrational mode of the D band, named the 2D band 61. As the type

of graphene used was few layers graphene, it is important to mention that the G-band

increases when increasing the layers of graphene 61.

The final Figure 4.1 d) shows the spectrum for a composite of 0.2% Graphene / 0.5%

PVDF / 0.5% PVA and can easily prove the presence of graphene, with the D, G, and

2D bands. The polymeric matrix is associated with the noise-type of background with

an increased intensity that does not appear in c). This effect is a typical background

corresponding to the photoluminescence of the polymeric matrix, because of the vibra-
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tional modes in the compounds.

4.2. Thin Layer Optimization

4.2.1. Cyclic Voltammetry

Pristine polymers

As graphene is hydrophobic, the need for an adequate solvent used to disperse and cre-

ate a stable suspension is mandatory. PVDF is a non-reactive and easy to use material,

that can dissolve in common organic solvents and is thermodynamically compatible,

meaning that is able to mix with other polymers 62. Yang and collaborators 63 used

an activated carbon with PVDF as a binder composite as cathode for an MFC, varying

the concentration of PVDF from five to ten percent weight, in the overall composite.

The polymeric concentration and ratio in the overall composite are important variables

because a good adhesion between the components and the additives is necessary for

graphene to be well dispersed in the polymeric matrix.

Ferricyanide is a commonly used redox probe because of its highly redox reversible

character and single electron transfer reaction from ferricyanide [Fe(CN)6]3- to ferro-

cyanide [Fe(CN)6]4-. Polyvinyl alcohol (PVA) is a polymer that can increase the elec-

trical conductivity of a composite when added to a nanocarbon compound 64. The

mixture of PVDF and PVA has been studied to use them as membranes to separate ar-

senic or dyes from aqueous solutions 65,66, looking for improvements in hydrophilicity,

permeability, and mechanical properties.

Figure 4.2 shows the CV response to the mentioned systems. PVDF (red curve)

shows a current extremely low compared to the other composites, as this is a non-

conductive and electrochemically stable polymer, inhibiting the redox reaction of ferri-

cyanide. On the other side, PVA (blue curve) shows a clear increase in current at 0.13 V
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and 0.32 V vs. Ag/AgCl, with a cathodic peak current of∼ -20 µA. This response from

PVA is because it is a more conductive compound than PVDF, with hydroxyl groups

on its structure, which facilitate interactions with itself and other compounds.

Figure 4.2.: Cyclic voltammograms for the different types of polymers, polymeric mixtures, first
graphene composites, and the GC reference. Inset: magnification of the systems with the
lowest currents. Measurements were performed in a nitrogen saturated 5mM ferricyanide
solution in PBS, against Ag/AgCl reference electrode, at a scan rate of 0.1 V s-1, at 25 ◦C.

Polymeric matrixes

The first results showed that in composites formed just by PVDF and graphene, no

reduction nor oxidation processes were seen in the cyclic voltammograms, so PVA was

added to the matrix. This mentioned mixture of polymers was used for the composites,

as PVDF by itself did not provide an adequate environment for a redox reaction to
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occur due to its highly electrically resistive nature.

After the best polymeric matrix was determined to be a mixture of PVDF and PVA,

alternations in their concentrations in the matrix were studied. In the same Fig. 4.2

the voltammograms of the 0.5% PVDF / 0.5% PVA, 1.0% PVDF / 0.5% PVA and 1.7%

PVDF / 1.5% PVA composites are shown, with a similar pattern in the cathodic and

anodic potentials as that from PVA. Yet, the difference comes when analyzing the cur-

rent generated and the peak potential separation of the composites 67, being the last

composition mentioned the one with the highest peak current of ∼ -100 µA and the

lowest ∆Ep of 0.208 V.

It is important to mention that a 0.5% PVDF / 1.5% PVA composite was also studied,

yet the composite showed a bad adhesion to the electrode when performing the CV.

A possible explanation for the behavior of the polymers is that at high contents of

PVDF in the matrix (as shown in the purple curve in Fig. 4.2), the conductivity of the

composite decreases, being the lowest from the three studied compositions. On the

other hand, if high amounts of PVA in relation to PVDF are added to the matrix, the

polymers will aggregate, forming a nonuniform layer in which the electron exchange

between the electrode and the solution is not possible, not allowing any measurements.

When the same composition is set for both polymers, the results are better, with an

increase in the current and a decrease in ∆Ep as a function of the amount of polymer

added (as can be seen for green and an even better yellow curves in Fig. 4.2). It is

important to take into account the little quantity of polymers used as compared to the

literature, where amounts of up to 10 wt% are used 63.

Graphene-polymeric matrix composites

Subsecuently, the addition of graphene to the polymeric mixture was studied, starting

with the addition of 0.1 wt% of graphene to the 1.7% PVDF / 1.5% PVA and to the 0.5%

PVDF / 0.5% PVA matrixes. It is to be expected that the current will increase with the
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4. Results and Discussion

addition of graphene given its high conductivity, yet the first composite mentioned,

decreased its cathodic peak current from -100 µA to -70 µA (as shown in yellow and

sky blue curves in Fig. 4.2). This effect can be caused because of agglomeration of the

graphene particles, not allowing a correct current path for electrons to flow and hence,

decreasing the current generated. The ratio graphene/polymer should be controlled

in order for graphene to provide its conductivity properties to the overall composite62.

On the other hand, the second composite mentioned showed the expected improve-

ments, as the addition of graphene increased the cathodic peak current from -65 µA to

-112 µA and decreased the ∆Ep from 0.21 V to 0.19 V (as represented by the green and

brown curves in Fig. 4.2). Given these results, the 0.5% PVDF / 0.5% PVA was chosen

as the polymeric matrix for all remaining graphene composites.

Further analyses were performed by increasing the quantity of graphene in the poly-

meric matrix, which is represented in the voltammograms shown in Fig. 4.3 a). Results

show a great difference in current between the matrix without graphene, and the com-

posite with a 0.1 wt% addition for both cathodic and anodic peak currents. The 0.4

wt% composite shows the highest cathodic peak with -132.7 µA and the lowest ∆Ep

of 0.171 V vs. Ag/AgCl responding to the understandable tendency for current to in-

crease as graphene content is increased, because of its high conductivity and increased

charge transfer kinetics of the electrode.

Figure 4.3 b) shows the cathodic peak current and d) the anodic peak current rela-

tion with the graphene content of composites. In b) the peak current initially increases

rapidly until it seems to stall at 0.2 up to 0.4 wt%, as shown in the red curve. In d),

a similar path is observed. All graphene composites showed better performance than

the polymeric matrix. The explanation for this behavior is that graphene particles pro-

vide the major part of the electrical conductivity to the composite, as well as faster

electron transfer which provides a greater current, and faster reaction kinetics which

ends in lower values of ∆Ep. PVA has hydroxyl groups that can be cross-linked with
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Figure 4.3.: a) Cyclic voltammograms for the the 0.5% PVDF / 0.5% PVA mixture and graphene com-
posites. Measurements were performed in a nitrogen saturated 5mM ferricyanide solution
in PBS, against Ag/AgCl reference electrode, at a scan rate of 0.1 V s-1, at 25 ◦C. And a
representation of b) cathodic and d) anodic peak currents vs the graphene mass percentage
composition and its improvements in c) and e).

the functional groups of graphene and form a conductive composite 62; this means

that electrons can move easier from the electrode to the composite and to the Fe3+ and

reduce it to Fe2+. This improves the current generated as the compound has better

facility to allow more electrons to be transferred.

Table 4.1 shows the cathodic and anodic peak current values, as well as the peak
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Table 4.1.: Cathodic and anodic peak currents, and peak potential separation of the different composites.

Composites ipc (µA) ipa (µA) ∆Ep (mV)

% PVDF % PVA % Gr. Value Error % Value Error % Value Error %

0.5 0.5 – -64.6 ±1.1 63.8 ±0.8 214.8 ±0.8

0.5 0.5 0.1 -112.3 ±3.7 117.5 ±2.6 197.8 ±2.2

0.5 0.5 0.2 -111.7 ±1.0 132.3 ±1.6 217.3 ±4.3

0.5 0.5 0.4 -132.7 ±7.8 129.1 ± 1.9 170.9 ±2.9

– 0.5 – -19.8 ±2.4 30.1 ±0.5 529.8 ±0.8

1.0 0.5 – -10.5 ±0.07 23.4 ±0.3 395.5 ±1.6

1.7 1.5 – -99.9 ±1.0 104.4 ±1.3 207.5 ±1.6

1.7 1.5 0.1 -70.4 ±3.9 73.6 ±0.7 253.9 ±6.5

potential separation of the composites studied. From the recovered information, there

is an improvement of 325% from the cathodic peak current of PVA to that of the chosen

polymeric matrix PVDF/PVA and 212% for the anodic peak current. Now, as shown

in Figure 4.3 c), from the matrix, there is an increase of 74% to the first addition of

graphene, and a 105% to the 0.4% for ipc and an increase of 84% and 102% respectively

for the ipa (as shown in Fig. 4.3 e)).

The best performance was obtained by the 0.4 wt% graphene content composition,

yet when comparing cost-benefit performance, the 0.2 wt% composite proves to be bet-

ter, as there is an overall small difference in the improvement, with 0.2 wt% of graphene

less. Table 4.2 summarizes all the composites studied in the ferricyanide solution and

discussed in this section. In the next section, further information about these same

composites to complement the analysis about the possible catalysts to probe the cat-

alytic activity will be performed by EIS measurements.
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Table 4.2.: Polymer and graphene compositions of the different types of composites prepared to be stud-
ied as electrodes.

PVDF (wt%) PVA (wt%) Graphene (wt%) Observations

0.5 – – No current peaks/Good Adhesion

– 0.5 – Visible Current peaks/Good Adhesion

0.5 0.5 – High current peaks/Good Adhesion

0.5 0.5 0.1 High current peaks/Good Adhesion

0.5 0.5 0.2 High current peaks/Good Adhesion

0.5 0.5 0.4 Highest current peaks/Good Adhesion

1.0 0.5 – Lowest current peaks/Good Adhesion

0.5 1.5 – Bad adhesion

1.7 1.5 – Highest current peaks for polymers

1.7 1.5 0.1 Adding graphene decreased current peaks

4.2.2. Electrochemical Impedance Spectroscopy

The importance of studying the electrode’s impedance is to be able to interpret the

behavior of the coating and to know more about the electrode-electrolyte interface.

The charge transfer resistance (RCT) shows the ease of the electron transfer from the

electrode to the redox species in solution. According to the previous CV results shown

in Section 4.2.1., the electrodes containing higher graphene composition are expected

to show the lowest value of (RCT) as they showed the highest peak currents generated.

In Fig. 4.4 the Nyquist plots for the different composites are shown. Preliminary

results show the highest impedances for the polymers without graphene addition (red

and blue curves), together with the composites with the lowest graphene concentra-

tions (purple and dark yellow curves), while the higher graphene concentration of 0.4

wt% composite showed the lowest impedance. These results of each electrode and the

used equivalent circuits will be discussed below in more detail.
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4. Results and Discussion

Figure 4.4.: Nyquist plot for all composites in a 5mM ferricyanide in PBS solution at OCP and 25 ◦C.
Inset: Magnification of the impedance at higher frequencies. Symbols: Experimental data.
Continuous lines: Fit.

Glassy carbon electrode

The glassy carbon electrode is the support on top of which the drop-casting was per-

formed for all composites. By performing EIS for this electrode, to some extent, the

electrolyte resistance can be estimated for this solution and setup. In order to under-

stand the data, an equivalent circuit must be associated with the system. In this case, a

Randles circuit (shown in Fig. 4.5) can easily do the job, with an electrolyte resistance

correspondent to that of the ferricyanide in PBS solution, a double layer capacitance

which is formed at the interface electrode/electrolyte, a charge transfer resistance, and

a Warburg resistance correspondent to the diffusion contributions. Nyquist plot for
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this electrode is already shown in Fig. 4.4 as the black curve, and it shows that at high

frequencies, a semicircle is obtained as a representation of the charge transfer resis-

tance, and then at lower frequencies, a straight line shows the diffusion contribution.

Figure 4.5.: a) Schematic representation of the cell and the eletric elements present on it, and b) Randles
equivalent circuit for the fitting of the GC data.

The Randles circuit was a good fit for the data, and the results obtained with it are

shown in Table 4.3 with an Rs of 86.8 Ω that should be similar for the other composites,

as Rs is only related to the electrolyte and the cell dimensions. The charge transfer

resistance has a value of 1,567 Ω, which shows an easy transfer of the electrons from the

electrode to the solution specie. The major part of the impedance comes from diffusion

contributions, and the composite shows a really low capacitance of 1.3 µF due to a

relatively low surface area of glassy carbon.

Table 4.3.: Equivalent circuit parameters for GC

Value Error %

Rs (Ω) 86.8 < 0.1

RCT (Ω) 1567 < 0.1

C (F) 1.3 E-6 < 0.1

W (Ω) 3357.7 < 0.1
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Polymers

EIS results for polymers should follow the trend outlined in the CV experiments, PVDF

being a bad conductor showing high impedance, PVA with a slight improvement com-

pared with the other polymer, but also with high impedance values and a clear im-

provement for the mixture of these two composites with the lowest impedance value

for the three. In this case, a modified Randles circuit (shown in Fig. 4.6) is associ-

ated with the two polymers, with a constant phase element (CPE) instead of a C as

the capacitor. A CPE confirms a frequency dispersion originated from some kind of

surface disorder, or inhomogeneity at the electrode surface 68, which fits the case as the

polymer creates an agglomeration in the electrode surface, making it a good fit. The

common Randles circuit shown in Figure 4.5 was fitted to the mixture of polymers.

Figure 4.6.: a) Schematic representation of the cell and the eletric elements present on it, and b) modified
Randles circuit for the fitting of the Nyquist plot for the different polymeric composites.

Fig. 4.7 a) shows the Nyquist plot for the three compounds, where the two polymers

by themselves show a not perfect fitting to the circuit with high errors, and values for

n of 0.5 for PVDF and 0.8 for PVA. This value is related to the frequency dispersion and

ranges between 0 and 1, with the CPE behaving as a resistor when the value is zero, and

as a capacitor if the value is 1. The low n = 0.5 value of PVDF indicates a very rough

surface, while n = 0.8 for PVA indicates a more homogeneous surface morphology.

The Warburg resistances for both polymers show really high values because of the
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diffusion contributions from the system. RCT values are 26,745 and 79,409 Ω for PVDF

and PVA, respectively, which show that in PVDF, the electron transfer is faster than in

PVA, while CPE values of both compounds are rather low, with PVA showing a better

capacitive behavior because of a higher porosity of this polymeric membrane.

Figure 4.7.: Representation of a) Nyquist and b) Bode plots for the different polymer composites. Inset:
Magnification of the systems with lower impedance. Symbols: Experimental data. Continu-
ous lines: Fit.

On the other hand, the mixture of both polymers showed better results than the

polymers themselves using a Randles circuit, with a good fitting, small errors and

a solution resistance close to that of glassy carbon. The capacitance of the mixture

presents the lowest value of the three with 1.0 µF, which means that this composite has

the lowest ability to collect and store energy in the form of electrical charge, caused by

the correct mixing of both polymers, in which PVDF causes a decrease in the porosity

that PVA showed previously.

There is a semicircle at high frequencies corresponding to the charge transfer resis-

tance, which is 36 times lower than that of PVA and 12 times lower than PVDF, which

shows the improvement regarding the ease of the electron transfer, demonstrating the

good response of mixing both polymers.

In Figure 4.7 b, the bode plot for all the mentioned polymeric compounds is shown,
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where the lower impedance of the polymeric mixture is better noticed as the green

curve and PVDF (red curve) has the higher impedance. This behavior is explained by

the low conductivity of PVDF, not allowing electrons to easily flow towards the elec-

tron acceptor specie. The addition of PVA enhances this property, allowing electrons to

flow and decreasing the RCT value. PVA shows a slight deviation from the fitting with

a phase angle of 68◦ that is also corroborated in the polymeric mixture with the same

angle but at different frequencies (blue curves). All these results for the three polymers

are shown in Table 4.4.

Table 4.4.: Equivalent circuit parameters for the polymer composites

0.5% PVDF 0.5% PVA 0.5% PVDF / 0.5% PVA

Value Error % Value Error % Value Error %

Rs (Ω) 249.7 ± 89.1 306.3 ± 7.4 104.1 < 0.1

RCT (Ω) 26745 ± 16.3 79409 ± 12.0 2211.7 < 0.1

CPE / C (F) 1.2 E-6 ± 6.4 4.6 E-6 ± 5.3 1.0 E-6 < 0.1

W (Ω) 133730 ± 16.1 32725 ± 16.1 16407 < 0.1

n 0.5 ± 3.0 0.8 ± 1.7 – –

Graphene addition

The information retrieved from the addition of graphene is quite different from the pre-

vious result, as the 0.1 and 0.2% graphene compositions have impedance values even

higher than those of the polymers. In this case, there were two different equivalent

circuits used. The two first graphene composites were fitted by a Randles equivalent

circuit (as Fig. 4.5), then the 0.4% composite was fitted by the circuit shown in Fig. 4.8,

whose circuit models a cell where polarization is due to a combination of kinetic and

diffusion processes 51.

In Fig. 4.9 a the Nyquist plot for the graphene composites shows that when graphene
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Figure 4.8.: a) Schematic representation of the cell and the eletric elements present on it, and b) modi-
fied two-part circuit for the fitting of the Nyquist plot for the different graphene/polymer
composites.

is added, the RCT values decrease. This behavior is expected as graphene increases the

conductivity of the system, decreasing the charge transfer resistance. Table 4.5 shows

the result of the fits for the graphene composites. It shows that the first and second

composite demonstrate a good fitting with small errors, and that the last composition

has an increase in the error percentage.

Figure 4.9.: Representation of a) Nyquist and b) Bode plots for the different graphene/polymer com-
posites. Inset: Magnification of the systems with lower impedance. Symbols: Experimental
data. Continuous lines: Fit.

The capacitance is the highest for the 0.4 wt% composite with 15.5 µF, with an ex-

planation in the porosity of graphene where oxygen is adsorbed; as the amount of

graphene increases, the porosity increases and hence the capacitance increases. The
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different values of charge transfer resistance can be observed in Fig. 4.10 a) where the

0.4 wt% also shows a value 4.7 times lower than that for the polymeric matrix, which

is the expected behavior when adding graphene to the composite.

Table 4.5.: Equivalent circuit parameters for the graphene/polymer composites

0.1% Gr. /
0.5% PVDF /
0.5% PVA

0.2% Gr. /
0.5% PVDF /
0.5% PVA

0.4% Gr. /
0.5% PVDF /
0.5% PVA

Value Error % Value Error % Value Error %

Rs (Ω) 10606 < 0.1 20474 < 0.1 99.7 < 0.1

R1 (Ω) – – – – 3.0 ± 11.4

RCT (Ω) 448600 < 0.1 91115 < 0.1 468.5 ± 1.2

C1 (F) 2.7 E-11 < 0.1 3.5 E-11 < 0.1 5.0 E-4 ± 26.7

C2 (F) – – – – 1.6 E-5 ± 0.1

W (Ω) 5233600 < 0.1 3280300 < 0.1 14772 ± 0.1

Figure 4.10.: a) Charge transfer resistance as a function of the amount of graphene in the composite and
b) its improvement.

For the Bode plot shown in Fig. 4.9 c) different phase angles can be obtained for the
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four different composites, and a clearer tendency of how the impedance changes with

the composites, where the 0.4% composite has the lowest value. Figure 4.10 b) shows

the improvement that the graphene composites have in terms of RCT, where the ex-

planation given above can be better understood. The two first graphene compositions

do not show improvements over the polymeric matrix as their values of RCT increases,

then the 0.4 wt% composite resulted in the lowest value of charge transfer resistance

and an improvement of 20.1%, showing the best results.

4.3. Catalytic Activity towards ORR

The catalytic activity of the composites was studied by cyclic voltammetry in an air-

saturated PBS solution at different pH. As shown by the previous experiments detailed

in Section 4.2., the pure PVDF, PVA, the 1.0% PVDF / 0.5% PVA, and the 0.1% Gr.

/ 1.7% PVDF / 1.5% PVA samples showed very low current peaks as well as high

impedances, which labels them as unpromising candidates, so their catalytic activities

were therefore not studied here.

The pH of the medium is studied because of the possible application the coated elec-

trode could have in the different fields in which oxygen reduction reaction is needed.

For example, in microbial fuel cells, the pH must be basic in order for bacteria to live

and develop, so a basic pH should be required. Basic pH are often associated with

easier to reach electrocatalytic performances than acidic mediums because of its lower

standard reduction potential (0.401 V vs. NHE at pH = 14) required to reduce oxygen

16.

Fig. 4.11 shows all the voltammograms studied and their behavior within a potential

range of -0.6 V to -0.005 V, starting at the open cell potential at different pH. As it can be

observed, all composites show the highest cathodic current at acidic pHs (pH = 2 or 4

shown as black and red curves). As graphene content increases, it is expected that the
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Figure 4.11.: Cyclic voltammetry of all composite electrodes for the study of catalytic performance. The
scans were recorded at different pH in air-saturated PBS solution at a scan rate of 10 mV/s
against Ag/AgCl at 25 ◦C. The arrows indicate the scan direction starting at the OCP. Inset:
magnification of the systems with lower catalytic activity.

electrode shows increased performance at every pH because of the high conductivity

that graphene provides. The composite with 0.4 wt% graphene added in the polymeric

matrix is the composite with the highest cathodic peak from all with a current of 4.8

µA at -0.6 V vs. Ag/AgCl and at pH = 2. It is also the only composite, besides the

polymeric mixture, with a leveled current generated at every pH, fact that cannot be

observed for the values of the other graphene compositions.

From the voltammograms in Fig. 4.11, the approximate value of the onset potential

can be obtained. This is a key factor that gives information about the catalytic capacity

of the electrode. It allows to evaluate the minimum potential needed to start the re-
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action; the more positive the value, the better the catalytic activity 69 as the reaction is

studied to reduce oxygen. Table 4.6 contains the current generated by each composite

at different pHs.

Table 4.6.: Cathodic current generated at each composite at -0.6 V vs. Ag/AgCl at different pHs.

Current (µA) ± 0.1

pH 0.5% PVDF /
0.5% PVA

0.1% Gr. /
0.5% PVDF /
0.5% PVA

0.2% Gr. /
0.5% PVDF /
0.5% PVA

0.4% Gr. /
0.5% PVDF /
0.5% PVA

2 -3.3 -3.9 -0.2 -4.8

4 -3.2 -3.7 -4.3 -4.0

6 -2.5 -0.7 -3.5 -4.2

8 -2.8 0.0 -3.3 -4.3

10 -3.1 0.0 -3.2 -3.4

The dependence of the catalytic activity on the pH is mainly because of the quantity

of ions, H+ or OH-, present in the solution as a factor to the rate-determining step

of the reaction, which is related to the number of electrons exchanged. In the case

of ORR, reactions [1] and [4] show an oxygen reduction via a four-electron pathway,

where H+ is part of the reaction, whereas in reactions [2] and [5]), the reduction is via

a two-electron path where OH- are released from the system.

Figure 4.12 a) shows the onset potential as a function of pH and figure 4.12 b) as a

function of the graphene content. The polymeric matrix (in black squares) presents the

more negative values for onset potential as it is expected, when graphene is added,

the values go towards positive potentials in all the different pH, showing an improved

catalytic activity for these composites.

Figure 4.12 a) also shows that the tendency of the onset potential when pH increases

is for it to go towards more negative values. This can be explained by looking at the
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Figure 4.12.: Onset potential (vs. Ag/AgCl) vs. a) pH and b) graphene mass percentage added with their
correspondent error for all composites.

simplified Nernst equation for the redox reaction in question shown in Equation 4.1

representing the chemical equation [1] with a 4 electron pathway, where E is the non-

standard cell potential, E◦ is the standard cell potential, a is the activity of the specie

and n is the number of electrons exchanged in the redox reaction.

E = E◦− RT
nF

ln
(

(a(H2O))2

a(O2) · (a(H+))4

)
(4.1)

Equation 4.1 becomes equation 4.2 by considering the standard potential of the re-

duction of oxygen as 1.229 V, a temperature of 298 K and a four-electron mechanism,

where water and oxygen, being pure phases, have an activity value of one.

E = 1.229− 0.0592
4

log
(

1
a[H+]4

)
(4.2)

Using the definition of the pH (eq. 4.3), equation 4.2 becomes equation 4.4.

pH =−log(a[H+]) (4.3)

E = 1.229− 0.0592
4

log
(

1
10-4pH

)
(4.4)
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4.3. Catalytic Activity towards ORR

Finally, equation 4.5 shows the final linear relation between the potential and the pH.

E = 1.229−0.059 · pH (4.5)

When the medium possesses acidic pH and follows a 4 electron pathway, the poten-

tial will be higher and closer to the standard reduction potential, as long as the pH is

elevated the potential will have lower values, which is the intended significance of the

linear behavior expected shown in Figure 4.12 a). With a higher value of E, the bet-

ter the electrocatalytic activity of the composite as the difference between the standard

potential with the obtained potential is lower.

This relation between the onset potential and pH has been studied for different cat-

alysts in the fields of energy conversion and storage 70. In the case of the irregularity

of the onset potential to increase as pH decreases shown in the systems, is important to

consider the possibility of cations or anions which could be affecting the overall perfor-

mance of the electrode, as these could be occupying the active sites required by oxygen

to adsorb in the surface of the electrode. In the case of Pt, it has been found that certain

adsorbed anions affect the kinetics of ORR by site blocking active sites 71.

Fig. 4.12 b) shows, on the other side, the relation between the onset potential with

the content of graphene. The tendency is clear, the onset potential values should be-

come more positive when graphene is increased. This is because graphene provides

an improvement in conductivity, electron transfer and reaction kinetics to the compos-

ite, making electrons to be conducted more efficiently from the circuit to the adsorbed

oxygen, and allowing the reaction to start at higher potentials. However, not one com-

posite showed a complete tendency to shift to more negative values of onset potential

when the pH increased, or to go to more positive values of onset potential when the

graphene amount increased at a single pH. Table 4.7 shows the values for the onset

potentials and overpotentials of the composites as pH changes.
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4. Results and Discussion

Table 4.7.: Onset potential and overpotentials for all composites at different pHs.

Onset Potential (V) vs. Ag/AgCl ± 0.03

pH
0.0% Gr. /
0.5% PVDF /
0.5% PVA

0.1% Gr. /
0.5% PVDF /
0.5% PVA

0.2% Gr. /
0.5% PVDF /
0.5% PVA

0.4% Gr. /
0.5% PVDF /
0.5% PVA

2 -0.31 -0.21 -0.16 -0.15

4 -0.38 -0.32 -0.25 -0.26

6 -0.46 -0.19 -0.34 -0.35

8 -0.43 -0.41 -0.28 -0.30

10 -0.44 -0.39 -0.24 -0.24

pH Overpotential (V) vs NHE

2 -1.20 -1.10 -1.05 -1.04

4 -1.15 -1.09 -1.02 -1.03

6 -1.12 -0.85 -1.00 -1.00

8 -0.97 -0.95 -0.82 -0.84

10 -0.86 -0.81 -0.66 -0.66

As stated before, the onset potential corresponds to the voltage in which reduction

starts, and the current goes from nearly zero to lower values. For good catalytic per-

formance, these values should be closer to the electrochemical equilibrium potential in

which the oxygen reduction occurs at a given pH. The difference between the onset val-

ues and the E◦ is known as overpotential (η), and depends also on the pH. Composites

with 0.2 and 0.4 wt% in graphene content show onset potentials of -0.16 V and -0.15 V

against Ag/AgCl respectively at pH = 2. The possible explanation for the behavior of

the composites to go to more positive values rather than to more negative in terms of

onset potential when the pH is increased can be because of the active sites occupation

by ions and not oxygen, making it harder for electrons to get to this oxygen and reduce

it.
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4.3. Catalytic Activity towards ORR

A comparison in the improvement percentage of the onset potential vs the graphene

addition at every pH is shown in Figure 4.14, where, by comparing all the composites

studied, it is noted that the reaction starts faster in the 0.4% composite, with the lowest

values of overpotentials at every pH, as can be seen in Fig. 4.13. The red part shows

the lower overpotentials of the composites at basic pHs and at the highest graphene

composition. This result is explained by the lower standard reduction potential needed

at basic pH to perform the reduction of oxygen.

Figure 4.13.: Contour plot representing the relation between the pH, the graphene content and the over-
potential of the composites.

These results present the 0.4 wt% composite as the one with the best performance in

the study, confirmed by the EIS results in section 4.2.2. in which the impedance was

the lowest, and that obtained in section 4.2.1. with higher peak currents and smaller

potential peak separation. The onset potential result for the chosen 0.4 wt% graphene

composite (0.07 V vs. NHE) is, however, twelve times lower when comparing it to
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4. Results and Discussion

the Pt/C catalyst (0.88 V vs. NHE 72) which is the commercial catalyst used for ORR,

showing that the composite has not reached a comparable point to common catalysts.

A possible approach to improve this will be to increase the concentration of all the

compounds, knowing that both polymers work better at the same composition and

that graphene should be added in at least a 1:5 ratio to that of the polymeric matrix.
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4.3. Catalytic Activity towards ORR

Figure 4.14.: Onset potential improvements in percentage vs. the graphene content at every pH.
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5. Conclusion

Results showed the possibility to use a polymeric matrix formed by PVDF and PVA,

both in 0.5 wt%, along with graphene, as electrodes in order to study their catalytic

activity towards ORR. It was shown that PVDF by itself performs insufficiently and

requires very large amounts of nanocarbon material as reported in the literature. Fur-

ther addition of a second polymer, in this case PVA, improves the characteristics of the

overall composite. PVA worked perfectly in this job and enhanced the cathodic cur-

rent compared to the PVDF electrode. This mixture reached a cathodic peak current

of -64.6 µA compared to the -19.8 µA of PVA and the lack of cathodic current gener-

ated by PVDF; and a peak potential separation of 0.21 V over a 0.53 V from PVA in

the CV results, hinting at a better electrocatalytic performance of the polymer mixture

compared to the PVDF and PVA electrodes.

Increasing the amount of PVDF in the overall composite showed to be detrimental

to performance. Increasing the amount of PVA on the other side did not allow a good

adhesion of the polymeric matrix. Increasing both polymers in the same proportion

improved the composites’ electrochemical behavior as it increases the current gener-

ated and lower the peak potential separation, making the composite with 0.5% PVDF

/ 0.5% PVA the chosen polymeric matrix.

After the addition of graphene to the matrix, the CV results in ferricyanide solu-

tion showed that the catalysts with the best performance were the 0.2 and 0.4 wt%

graphene/polymeric matrix composite, with a cathodic peak current of -112 µA and

-133 µA and a peak potential separation of 0.22 V and 0.17 V respectively. All graphene

composites had higher peak currents than the polymeric matrix, increasing by a fac-

tor of 1.8 to 2.1, respectively. The current response showed little increase for graphene
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above 0.2 wt%.

EIS measurements were also performed in order to know more about the behavior

of the electrode/electrolyte system. Results showed that the charge transfer resistance

was lowest when using the 0.4% graphene composite with an obtained value of 468.5

Ω, value that is 4.7 times lower than that of the polymer matrix. Diffusion was the

greatest contributor to the system’s impedance. This results showed no saturation

in the graphene compounds like the CV results, with higher values for the two first

graphene addition and then a decrease in the impedance.

The evaluation of the catalytic performance of the composites towards ORR was

studied by CVs and evaluated at different pH. This study corroborates the results ob-

tained by CVs in the ferricyanide solution, as graphene was added. The highest onset

potential was for 0.4% graphene composite with -0.15 V at pH = 2, and -0.24 at pH =

10. In general, for all composites, acidic pHs showed better results regarding the onset

potentials, but basic pHs presented the lowest overpotentials, which resulted in lower

values for the 0.4% composite with -0.66 V vs. NHE at pH = 10, which is 1.3 times

better than the -1.2 V result that the polymeric matrix shows.

Even though the cost-benefits relation between the 0.2 and the 0.4 wt% compos-

ites was favorable to the first mentioned composite in the CV in ferricyanide solution,

results in both EIS and CV in air saturated solution showed better results for the sec-

ond composite. The 0.4 wt% composite showed the best results in every electrochem-

ical probe, with the highest peak currents, lowest peak potential separation, lowest

impedance and charge transfer resistance, and the lowest overpotentials at every pH,

showing the best electrocatalytic activity towards ORR.

Further research must be performed in order to understand more about the pathway

of reduction in the electrode surface, with rotating disk electrode, or rotating ring disk

electrode measurements to obtain the number of electrons exchanged in the reaction

using the studied composite. SEM or TEM images will be also useful to understand



the active sites available for oxygen to adsorb, and to see the link between it and the

catalytic performance of the compound. In this way, a composition and ratio in which

the catalyst improves the overpotential results could be obtained.



A. Appendix

A.1. List of Abbreviations

AC Activated Carbon

CNTs Carbon Nanotubes

CPE Constant Phase Element

CV Cyclic Voltammetry

DMA Dimethylacetamide

DMSO Dimethyl Sulfoxide

EIS Electrochemical Impedance Spectroscopy

GC Glassy Carbon

MFCs Microbial Fuel Cell

NHE Normal Hydrogen Electrode

OER Oxygen Evolution Reaction

ORR Oxygen Reduction Reaction

PBS Phosphate Buffer Solution

PEM Proton Exchange Membrane

PVA Polyvinyl Alcohol

PVDF Polyvinylidene Fluoride
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A.2. Scientific Output

Parts of this thesis were published in:

• Poster presentation at CMD2020GEFES international conference, organized by

the Spanish Royal Physics Society (RSEF-GEFES) and the European Physical So-

ciety (EPS-CMD), from August 31 to September 4, 2020.

• "Few Layers Graphene Nanoplatelets-Based Composite Electrodes for Improved

Oxygen Reduction Reaction Electrocatalytic Activity", manuscript in prepara-

tion.
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